Abstract. This work deals with the theoretical study on the molecular structure and vibrational spectra of two well-known natural products: lupeol and lupenone. The spectra were interpreted with the aid of normal mode analysis following fullstructure optimization carried out with the hybrid two-level ONIOM (B3LYP/6-31G: PM3) method. A detailed interpretation of the infrared spectra of Lupeol and Lupenone is also reported in the present work. The similarities and differences between the vibrational spectra of the two molecules studied have been highlighted. The scaled theoretical wave numbers are in perfect agreement with the experimental values. The thermodynamic calculations related to the title compounds were also performed at B3LYP/6-31G: PM3 level of theory. Quantum chemical calculations have been carried out to understand the dynamical behavior of the bioactive molecules Lupeol and Lupenone.
Introduction
Crataeva nurvala (Capparidaceae) is a plant from which Lupeol has been isolated, and its reported antimalarial activity prompted to prepare structurally modified analogues for the development of new antimalarial agent for better activity. In the treatment of malaria, natural products are an unending source of new lead, and their role is not new. The structure of Lupeol is reminiscent of that of cholesterol, and the compound is expected to be able to enter the cellular membranes. Due to the presence of a single hydroxy group and a large, apolar skeleton, Lupeol acts as an amphiphile. According to the bilayer hypothesis, stomatocytes are generally formed when a lipophilic compound is incorporated and eventually expands the inner layer of the lipid membrane. Such changes appear to be more prohibiting with respect to parasite growth than the incorporation of an amphiphile into the outer layer, as in case of echinocytogenic compounds. The two possible sites for chemical modification present in Lupeol are ring A, and isopropenyl side chain. Modification on ring A includes, ring-A expansion and cleavage are followed by introduction of antimalarial pharmacophores and modification at isopropenyl side chain [1] [2] [3] [4] . Lupeol is a naturally occurring triterpene isolated from Crataeva nurvala (Varuna) stem bark. Naturally occurring pentacyclic triterpenes of plant origin have a wide range of biological effects that render them useful in cosmeceutical and nutraceutical applications. In Ayurveda, C. nurvala is recommended in the management of urinary disorders. Pharmacological studies using the root bark and stem bark of C. nurvala have confirmed its beneficial effects in urinary disorders and revealed its potential benefits in the management of arthritic conditions [5] . In another recent study, lupeol and lupeol linoleate investigated for their anti-inflammatory, antinociceptive, antipyretic, and ulcerogenic properties in comparison with the commonly used nonsteroidal anti-inflammatory drug, indomethacin in rats. Lupeol, lupeol linoleate, and indomethacin showed a reduction in paw swelling by 39, 58, and 35%, respectively, in adjuvant arthritis. Lupeol and lupeol linoleate were devoid of any antinociceptive, antipyretic, and ulcerogenic actions unlike indomethacin suggesting that the mechanism of action of triterpenes is different from the nonsteroidal anti-inflammatory drug [6] .
Experimental and Computational Detail
Fourier transform infrared spectra were recorded with FT-IR Perkin Elmer spectrometer in KBr dispersion in the range of 500 to 4000 cm −1 for both the molecules. The experimental FT-IR spectra for lupeol and lupenone are given in Figures 1 and 2 , respectively. All the calculations were performed by using the hybrid two-level Oniom (B3LYP/6-31G: PM3) method using the GAUSSIAN 09 suite of program [7] . In order to avoid time-consuming calculations for large systems in following three ways: (i) using cheap molecular mechanics or semiempirical methods to study large systems [8, 9] , (ii) using the periodic boundary conditions to mimic the large periodic systems [10, 11] , (iii) using the more accurate quantum chemistry methods to study small model molecules designed to mimic the behavior of large real systems [12] [13] [14] . The emerging hybrid quantum chemical/molecular mechanical method, ONIOM, incorporating the advantages of both approaches has been set up recently. It has been used extensively for the calculations of macromolecules in biosystems [15] [16] [17] [18] [19] . ONIOM divides the system into three segments which can deal with the complicated calculations at different levels. A major advantage of the ONIOM method is the speed of computation compared to full DFT calculations. In these molecules, atoms in ring A and its adjacent atoms are treated quantum mechanically (B3LYP/DFT), and these atoms are shown by balls and sticks in Figures 3 and 4 , while the remaining part of the molecule is treated by semiempirical PM3 method.
Result and Discussion
Theoretical calculations for lupeol and lupenone were carried out using the ONIOM (B3LYP/6-31G: PM3) method. The optimized structure parameters of lupeol and lupenone are listed in Table 1 . By allowing the relaxation of all parameters, the calculations converge to optimized geometries, which correspond to true energy minima, as revealed by the lack of imaginary frequencies in the vibrational mode calculation. Subsequently, the global minimum energy obtained for structure optimization of lupeol and lupenone were found out to be −0.1855 a.u and −0.1666 a.u., respectively. The energy difference between the two compounds was calculated to be 0.0189 a.u. Thermodynamic properties of the lupeol and lupenone were calculated by B3LYP/6-31G: PM3 levels and are given in Table 2 .
Molecular Geometry Optimization
In case of lupeol, the molecule has five rings. Out of these four are six membered and one five membered. The optimized bond length of C-C in six-membered cyclohexane ring A ranges between 1.518Å and 1.561Å, while for another cyclohexane ring B this ranges between 1.512Å and 1.557Å. The optimized bond length of C-C in six-membered cyclohexane ring C ranges between 1.518Å and 1.572Å, while for another cyclohexane ring D this ranges between 1.525Å and 1.547Å. For five-membered ring E (cyclopentane), C-C bond lengths are quite high and ranges between 1.534Å and 1.548Å. The optimized value of C-C bond length adjacent to ring E is found to be 1.481-1.502Å, which is lower in comparison to the C-C bond length in other rings The optimized C-O bond length adjacent to ring A is found to be 1.415Å, and the optimized O-H bond length adjacent to ring A is found to be 0.952Å. For lupenone, the given molecule has five rings. Out of these four are six membered and one five membered. The optimized bond length of C-C in six membered cyclohexane ring A ranges between 1.515Å and 1.550Å, while for another cyclohexane ring B this ranges between 1.519Å and 1.555Å. The optimized bond length of C-C in six-membered cyclohexane ring C ranges between 1.517Å and 1.580Å, while for another cyclohexane ring D this ranges between 1.526Å and 1.565Å. For five membered (cyclopentane) ring E, C-C bond lengths range between 1.507Å and 1.565Å. The optimized value of C-C bond length adjacent to ring E is found to be 1.484-1.492Å, which is lower in comparison to the C-C bond length in other rings. The optimized carbonyl group C=O bond length adjacent to ring A is found to be 1.215Å, and the optimized C=C bond length adjacent to ring A is found to be 1.345Å. This difference in the C-C bond length is attributed to the difference in bond strength. The length of a chemical bond is the result of equilibrium of attractive and repulsive forces between the atoms which are bonded. In fact, the distance between the atoms of a bond is not constant since the atoms are always vibrating in a molecules; the measured bond distance is therefore an average value. Although the measurements may vary in accuracy, but still similar bonds have fairly constant lengths in different molecules, variation generally being very less.
Vibrational Assignments
The molecules, lupeol and lupenone contain, 81 and 79 atoms, and they have 237 and 231 normal modes of vibrations, respectively. All the fundamental vibrations are active IR. The harmonic-vibrational frequencies are calculated for both the molecules at B3LYP/6-31G: PM3 level, and experimental frequencies (FTIRs) have been compared in Tables 3 and 4 for lupeol and lupenone, respectively. Tables  3 and 4 also include the vibrational assignments of the normal modes. Vibrational assignments are based on the observation of the animated modes in GaussView [20] and assignments reported in literature.
In lupeol, the O-H functional group is present at 3721 cm −1 in calculated spectra which is in good agreement with the experimental data. The C-H functional group is present at a number of positions. The stretching vibration, ν(C-H), is expected to occur in the region 2800-3200 cm −1 . The ν(C-H) functional group is present at 2935 cm −1 in calculated spectra which is in good agreement with the experimental data, that is, 2946 cm −1 . The calculated values of the ν(C-H) vibration lie within this spectral range. The calculated (scaled) and experimental frequencies are deviated by large amount, which may be explained by the presence of hydrogen bondings in the solid sample. The theoretical calculations have been done on gas-phase molecule. The -CH 2 and -CH 3 functional groups are important constituents of lupeol, and vibrations corresponding to these groups are present in a number of modes. The stretching modes corresponding to these groups are of two types-symmetric and asymmetric stretching's. In the symmetric stretching vibration, both the arms of the functional group are stretching in phase with each other, whereas, in the asymmetric stretching mode, the atomic hydrogen motions are out of phase. The twisting and rocking vibrations for both the functional groups are present mixed with other vibrations in middle region. As expected, the ring torsion modes along with wagging modes appear in the low-frequency range. The wagging vibration ω (O-H) is present at 317 cm −1 in calculated spectra in lower region, and an intense band due to torsion of C-C-C=C is at 556 cm −1 in calculated spectrum that matches well with experimental one, that is, 546 cm −1 . There are some frequencies in lower region having appreciable IR intensity. Furthermore, 
Abbreviations: ν: stretching; β: bending; S: scissoring; w: wagging; τ : torsion; sh: shoulder.
the study of low frequency vibrations is of great significance because it gives information on weak intermolecular interactions, which takes place in enzyme reactions [21] . Knowledge of low frequency mode is also essential for the interpretation of the effect of electromagnetic radiation on biological systems [22] . In lupenone, the C-H functional group is present at a number of positions. The ν(C-H) functional group is present at 2934 cm −1 in calculated spectra which is in good agreement with the experimental data, that is, 2941 cm −1 . The calculated values of the ν(C-H) vibration lie within this spectral range. The region 1600-2000 cm −1 is generally considered as the double bond stretching region for C=O, C=C, and C=N bonds [23] [24] [25] [26] . The C=O stretching vibration, ν(C=O), appears as a prominent mode in the calculated spectra at 1917 cm −1 .
The -CH 2 and -CH 3 functional groups are important constituents of lupeol, and vibrations corresponding to these groups are present in a number of modes. Due to twist -CH 2 mode, an intense peak is present at 1131 cm −1 in the calculated spectra which matches well with the experimental one, that is, 1137 cm −1 . The twisting and rocking vibrations for both the functional groups are present mixed with other vibrations in the middle region. Here, we are discussing only most IR-active modes present in calculated spectra for both the molecules. The aim of this discussion is to obtain direct information on lower-and higher-frequency vibrations of the two biologically active molecules, that is, lupeol and lupenone. 
Electronic Properties and Dipole Moment
The frontier orbitals, HOMO and LUMO determine the way the molecule interacts with other species. The frontier orbital gap helps to characterize the chemical reactivity and kinetic stability of the molecule. A molecule which has a larger orbital gap is more polarized having more reactive part as far as reaction is concerned [27] . According to the present Oniom calculations, the frontier orbital gap in case of the given molecule is 10.09 and 11.15 eV, respectively for lupeol and lupenone given in Table 5 . The 3D and 2D plots of the HOMO, LUMO and electrostatic potential for both the molecules are shown in The importance of MESP lies in the fact that it simultaneously displays molecular size, shape as well as positive, negative, and neutral electrostatic potential regions in terms of colour grading (shown in Figure 9 ) and is very useful in the investigation of molecular structure with its physiochemical property relationship [28] [29] [30] [31] [32] . The total dipole moment in the Cartesian frame is defined by μ = μ The calculated dipole moments for lupeol and lupenone are 1.66 and 2.91 debye, respectively.
Comparison of the calculated dipole moment of given compounds with water show that it is more than water for lupenone and lower for lupeol. [A dipole moment value for water is 2.16 Debye, at the same level of calculations that is, B3LYP/6-31G: PM3].
Conclusion
In the present work we have calculated the geometric parameters, vibrational frequencies, frontier molecular orbitals, molecular electrostatic potential plots and surfaces for lupeol and lupenone using B3LYP/6-31G: PM3 method. The higher frontier orbital gaps show that lupeol and lupenone have high kinetic stability and can be termed as hard molecule. However the higher value of dipole moment shows that lupenone molecule is highly polar and for lupeol it is less polar. In general, a good agreement between experimental and calculated normal modes of vibrations has been observed. The molecular electrostatic potential plots and surfaces have also been drawn to explain the activity of both the molecules. The present quantum chemical study may further play an important role in understanding of the structure, activity and dynamics of the molecule.
